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Abstract. The 2004 Indian Ocean tsunami caused damages
to coastal ecosystems and thus affected the livelihoods of
the coastal communities who depend on services provided
by these ecosystems. The paper presents a case study on
evaluating and mapping the spatial and temporal impacts of
the tsunami on land use and land cover (LULC) and related
ecosystem service supply in the Phang Nga province, Thai-
land. The method includes local stakeholder interviews, field
investigations, remote-sensing techniques, and GIS. Results
provide an ecosystem services matrix with capacity scores
for 18 LULC classes and 17 ecosystem functions and ser-
vices as well as pre-/post-tsunami and recovery maps indicat-
ing changes in the ecosystem service supply capacities in the
study area. Local stakeholder interviews revealed that man-
groves, casuarina forest, mixed beach forest, coral reefs, tidal
inlets, as well as wetlands (peat swamp forest) have the high-
est capacity to supply ecosystem services, while e.g. planta-
tions have a lower capacity. The remote-sensing based dam-
age and recovery analysis showed a loss of the ecosystem
service supply capacities in almost all LULC classes for most
of the services due to the tsunami. A fast recovery of LULC
and related ecosystem service supply capacities within one
year could be observed for e.g. beaches, while mangroves
or casuarina forest needed several years to recover. Apply-
ing multi-temporal mapping the spatial variations of recovery
could be visualised. While some patches of coastal forest
were fully recovered after 3 yr, other patches were still af-
fected and thus had a reduced capacity to supply ecosys-
tem services. The ecosystem services maps can be used to
quantify ecological values and their spatial distribution in
the framework of a tsunami risk assessment. Beyond that
they are considered to be a useful tool for spatial analysis
in coastal risk management in Phang Nga.
1 Introduction
1.1 Ecological impacts of the Indian Ocean tsunami in
Phang Nga
The 2004 Indian Ocean tsunami left a path of destruction
along the Andaman Sea coast of Thailand. The coastal areas
of Phang Nga province suffered from an extraordinary high
number of fatalities, structural damages and economic losses
that affected or destroyed the livelihoods of coastal commu-
nities (United Nations and Worldbank, 2005). Although fa-
talities and damages to buildings and infrastructure were the
most striking consequences of this tsunami disaster, envi-
ronmental impacts and damages to ecosystems and related
land use/land cover (LULC) also occurred. These included
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uprooted coastal forests, beach erosion, impacts on coral
reefs and sea-grass, pollution, contamination from tsunami
deposits, and salt infiltration in ground- and surface wa-
ter as well as in soils affecting vegetation and soil fertility
(Choowong et al., 2009; DMCR, 2005a, b; Massmann, 2010;
Paphavasit et al., 2009; Pongpiachan et al., 2013; Roemer et
al., 2010; Szczucinski et al., 2006; UNEP, 2005; Vosberg,
2010). While the impacts on coral reefs and sea grass beds
in the region were comparably small, the damages to coastal
forests, e.g. mangroves, and plantations varied spatially, with
more severe destruction close to the shore (FAO and MOAC,
2005; Römer, 2011).
Since the interconnection between coastal ecosystem
degradation and communities’ vulnerabilities has been
widely recognized (Adger et al., 2005; Kallesøe et al., 2008;
IUCN and UNEP, 2006), negative consequences were sup-
posed to arise from the tsunami impacts due to the depen-
dency of the coastal communities in Phang Nga on the lo-
cal ecosystems. The economic, social and ecological link-
ages in the region are manifold, comprising fishing (e.g. shell
fish, crab fish, oyster), aquaculture, agriculture, and tourism
(Haitook et al., 2011; Willroth et al., 2011). It is therefore
important to assess and quantify the ecological values and
damages together with the socio-economic ones to evaluate
the overall tsunami impact in the framework of a tsunami risk
assessment and management.
A way to account for values of ecosystems is the consid-
eration of the functions and services they provide as benefits
to humans (MA, 2005; Daily, 1997; Costanza et al., 1997).
The concept of ecosystem services (de Groot et al., 2010;
Burkhard et al., 2012b) offers a methodological framework
for the identification, quantification, evaluation and map-
ping of land use change on human societies (Burkhard et
al., 2012a). It has evolved to a common framework in inter-
disciplinary ecological and socio-economic research and has
high potential to be implemented in management and plan-
ning (Burkhard et al., 2012a; Kienast et al., 2009; MA, 2005;
Müller and Burkhard, 2007). Ecosystem services also play
an important role in risk mitigation of natural hazards and
post disaster recovery. Costanza and Farley (2007) empha-
sised that part of the reason for the severe impacts of coastal
disasters is the disregard of ecosystem services in coastal
planning. Ecosystems with their functions and services are
indeed supposed to reduce disaster impacts by providing nat-
ural capital that is essential for the preservation of livelihoods
(IUCN and UNEP, 2006).
1.2 Mapping of ecosystem services
A common way to assess ecosystem services is the eco-
nomic valuation (Costanza et al., 1997; MA, 2005; Bateman
et al., 2010; Kumar, 2010). Beyond that the spatial analy-
sis of ecosystem service values (Troy and Wilson, 2006) or
the analysis of temporal dynamics of ecosystems services
(Kroll et al., 2012) is used. Especially the assignment of
ecosystem service supply capacities to spatially explicit bio-
physical units in maps provides useful aggregated informa-
tion on current supply conditions and changes over space
and time (Haines-Young et al., 2012; Burkhard et al., 2012a;
Kienast et al., 2009). Spatio-temporal changes can be in-
duced by human LULC changes, climatic change, or dis-
turbances due to natural disasters. These visualisations of
ecosystem services and their dynamics are useful tools for
decision makers and environmental managers (Swetnam et
al., 2011). However, before ecosystem services maps finally
can be used for environmental risk management and related
spatial planning, the methods need to be developed further
and respective data and information have to be acquired in
further studies (Daily and Matson, 2008; Burkhard et al.,
2012a).
In this case study, we map ecosystem services in con-
nection with impacts of the 2004 Indian Ocean tsunami
in Phang Nga, Thailand. The aim is to identify tsunami-
induced LULC changes and to assess and evaluate related
alterations in ecosystem service supply capacities. The work
has been conducted in the framework of the research project
“Tsunami Risks, Vulnerability and Resilience in the Phang
Nga and Phuket Provinces, Thailand – Tsunami Risk And
Information Tool (TRAIT)” and results will be integrated in
an impact and vulnerability assessment for the region.
An approach is applied that indicates different LULC
classes’ capacities to supply ecosystem services on a rel-
ative scale, integrating local expert assessments (based on
Burkhard et al., 2009, 2012a; MA, 2005; de Groot, 1992;
Costanza, 1997). A similar approach was used by Maes et
al. (2011) to map ecosystem services on a European scale, by
Nedkov and Burkhard (2012) to map flood regulating ecosys-
tem services in Bulgaria, by Kroll et al. (2012) in a central
German peri-urban region, and by Vihervaara et al. (2010)
studying the linkages between land use changes and ecosys-
tem services in Lapland, Northern Finland. The approach
is considered suitable here since people at the Phang Nga
coast benefit from ecosystem services provided by the coastal
areas, e.g. for eco-tourism, diving tourism, local farming,
and fishery (IUCN and UNEP, 2006; Römer, 2011). Hence,
socio-ecological aspects play a major role in the region’s vul-
nerability and coping capacity.
The case study refers to changes in ecological integrity,
provisioning, regulating and cultural ecosystem services on
a local scale at three different points in time. Altogether,
17 ecosystem services of 18 LULC classes were assessed for
pre-tsunami conditions and tsunami induced LULC change
and related changes in ecosystem service supply capacities
were mapped based on stakeholder interviews, field investi-
gations, remote-sensing and GIS techniques in order to an-
swer the following research questions:
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– Does a combination of land cover data, stakeholder
knowledge, field investigations, remote sensing, and
GIS enable complex spatial assessments of multiple
ecosystem services?
– Can the methods and the resulting maps be used for
the evaluation of ecological impacts in the framework
of a tsunami risk assessment?
– Can the methods and the resulting maps contribute to
coastal risk management?
The paper is structured as follows: in Sect. 2 the study
area is introduced. Section 3 describes the methodological
approach comprising the development of an ecosystem ser-
vices matrix, remote-sensing based damage and recovery as-
sessment of LULC, and the development of multi-temporal
ecosystem services maps. The resulting matrix and maps are
presented in Sect. 4, followed by a discussion in Sect. 5 and
conclusions in Sect. 6.
2 Study area
The study area covers a 50 km long, flat coastal stripe from
Thai Mueang in the South to Ban Nam Khem in the North
in the Phang Nga province, Thailand (Fig. 1). The whole
area was devastated by the 2004 tsunami. Settlement struc-
tures and ecological characteristics in the area are diverse.
Ban Nam Khem is a small community dominated by fishery
and agriculture. Further south, Khao Lak has increasingly
developed quality tourism structures including eco-tourism
and is positioned in the global tourism market (Willroth et
al., 2011). The Khao Lampi – Hat Thai Mueang National
Park north of Thai Mueang city is located on a spit with
a tidal inlet surrounded by mangrove belts, and populated
by indigenous people. In all parts of the study area people
live in close relation with their environment in terms of agri-
culture, fishery, or tourism. Dominating LULCs are casua-
rina forest, mixed beach forest, melaleuca forest, coconut
plantations, mangroves, and grassland. Casuarina equiseti-
folia forms 20–50 m wide mono-specific stands at sandy
coasts (Cochard et al., 2008). Mixed beach and melaleuca
forests (Melaleuca leucadendron) are located in the Hat Thai
Mueang National park in the south. Coconut plantations (Co-
cos nucifera) are spread all over the study area. According to
Yanagisawa et al. (2009) dominant mangrove species found
in the study area are Rhizophora sp. and Bruguiera sp. Be-
yond that grassland, open woodland, beaches, ponds, and
build up areas are present (cf. Fig. 3, in Sect. 3.1).
The landscape in the study area is strongly shaped by hu-
man activities such as tin mining, shrimp aquaculture, and in-
tensive agricultural use, dominated by the cultivation of rub-
ber, oil palm, coconut, and cashew nut. Fishing and agricul-
ture are a major source of income with 45 % of the population
of Phang Nga employed in this sector (Willroth et al., 2011).
Fig. 1. The study area from Ban Nam Khem in the North, to Thai
Mueang, Phang Nga in the South. The 18 villages where interviews
took place are included in the map.
Moreover, due to the growing tourism sector, many natu-
ral forests have been cleared for development of large hotel
complexes. In particular mangroves and coral reefs are under
pressure due to marine and coastal development, including
for example the expanding shrimp farm industry (Baird et
al., 2005; UNEP, 2005; IUCN and UNEP, 2006). The tiger
prawn industry, which developed in the 1990s, has led to a
dramatic reduction of the mangrove area in South Thailand.
By the mid 1990s the initial mangrove area was reduced by
about 33 % (FAO and MOAC, 2005).
The 2004 tsunami led to a further impact on coastal
ecosystems by destroying large patches of the exposed man-
groves, casuarina forests, and coconut plantations and by
causing indirect impacts such as defoliation or yellowing of
leaves of mixed beach forests and melaleuca forests (Roemer
et al., 2010). IUCN and UNEP (2006) estimated the overall
economic loss due to damages on coastal ecosystems in the
Phang Nga province to about USD 11 million, mainly arising
from the destruction of mangroves.
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3 Methods
The methodological approach for mapping tsunami impacts
on ecosystem service supply includes three steps (Fig. 2):
1. LULC classification based on IKONOS satellite im-
ages (2003), and change detection analysis of LULC
to detect tsunami damages after the event (2005) as
well as recovery processes (2008).
2. Interviews with local stakeholders from coastal vil-
lages in Phang Nga as well as Thai governmental and
non-governmental organisations to evaluate ecosystem
services in the study area using a scoring approach.
Development of a matrix for selected ecosystem func-
tions and ecosystem service supply capacities in the
study area based on a statistical analysis of the data
gained from the interviews.
3. GIS-based mapping of tsunami-induced changes of
ecosystem service supply capacities in the different
LULC classes.
3.1 LULC classification, damage and recovery mapping
The LULC information for the study area was derived from
high-resolution satellite images (IKONOS), taken before the
tsunami in January 2003, using remote-sensing techniques.
For the multi-temporal analysis on damages and recovery
IKONOS images from January 2005 and February 2008 were
included in the analysis. A rule-based object oriented classi-
fication approach was performed for the pre-tsunami image
of 2003. The final classification has an overall accuracy of
93.6 % and a Kappa of 0.90, and can therefore be consid-
ered as very accurate. The resulting map for the coastal zone
between Ban Nam Khem and Thai Mueang city consists of
37 different LULC classes including plantations, beaches,
buildings and infrastructure, grassland, water bodies, and
natural forests, such as mangroves, casuarina forest, or pri-
mary rain forest (Fig. 3). Details of the remote-sensing based
LULC classification are provided in Römer (2011).
To derive LULC maps that show the changes that occurred
due to the damaging effect of the tsunami, impacts and recov-
ery processes were analysed for selected LULC classes by
applying digital change detection techniques based on multi-
temporal IKONOS imagery (Roemer et al., 2010; Römer et
al., 2012b). A damage map (Fig. 4) was generated for Jan-
uary 2005 (post-tsunami) using the direct multi-date classi-
fication (DMC) method, which includes a supervised clas-
sification of a multi-temporal band composite (Roemer et
al., 2010). Damages to LULC classes were categorised in:
type 1 = no damage (no identifiable damage), type 0 = total
damage (e.g. uprooted or removed vegetation), type 0.5 = in-
direct damage (degradation of understorey vegetation and
soils, applicable to foliage of woody vegetation and to all
non-woody vegetation). The damage analysis was conducted
Fig. 2. Methodological approach for mapping changes in ecosystem
service supply due to the impact of the 2004 Indian Ocean tsunami.
for the forest ecosystems mangroves, casuarina forest, co-
conut plantations, mixed beach forest, and melaleuca forest.
For a recovery map 3 yr after the tsunami (2008), the re-
covery rate was calculated based on multi-temporal Trans-
formed Normalised Vegetation Index (TNDVI) images from
three acquisition dates in 2003, 2005 and 2008 (for details
see Römer et al., 2012a). The recovery rate was then bi-
nary coded in order to distinguish between areas that have
recovered or were in a recovery state and those areas indi-
cating persistent situations or even post-tsunami degradation
not showing any recovery patterns. Field measurements from
2009 on vegetation recovery and succession were used for
validating the change detection results (Römer et al., 2012a).
Since the recovery assessment was conducted based on the
NDVI, non-vegetated areas were not included in the analysis.
The analysis included mangroves, casuarina forest, coconut
plantations, and grassland.
Tsunami impacts on the beaches as well as beach recovery
were added to the damage and recovery maps by applying a
post-classification change detection analysis for beach areas
(Vosberg, 2010).
From the LULC classification and the damage and re-
covery assessment, three maps were generated: (a) a LULC
map representing LULC before the tsunami (2003) (Fig. 3),
(b) a damage map including a quantification, classification,
and spatial distribution of damages to LULC directly after
tsunami (2005) (Fig. 4), and (c) a recovery map quantifying
and classifying the spatial distribution of recovery from these
damages until 2008 (not shown in this paper).
3.2 Stakeholder interviews and ecosystem services
matrix
On a local scale the value of ecosystems is closely related
to the dependencies of coastal communities on ecosystem
services for their livelihoods. Therefore, to gain informa-
tion on the ecosystem services provided and used in the
region, interviews with local stakeholders and experts in
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Fig. 3. LULC map exemplified for Khao Lak, based on IKONOS imagery from 13 January 2003.
the field of environmental management were conducted in
18 villages in the districts of Takuapa and Thai Mueang,
Phang Nga Province (Fig. 1). Criteria for village selection in-
cluded (a) a high degree of impact by the 2004 tsunami, and
(b) a high degree of diversification of occupation and liveli-
hoods of the people with a close link to coastal and marine
resources (Haitook et al., 2011).
A questionnaire was distributed to 33 local stakeholders,
whereof 18 persons were village chiefs or village chief as-
sistants from Ban Nam Khem, Khao Lak, and Thai Mueang,
nine persons were from governmental organisations and six
persons from non-governmental international organizations.
The standardised questionnaire included an empty ecosystem
services matrix (see Table 2), where scores had to be given
for each LULC class and each ecosystem service according
to the respondents’ local knowledge and experience.
The study covered 17 ecosystem functions and services
of 18 LULC classes (Tables 1 and 2). The 18 LULC
classes were (partly) merged from the original 37 LULC
classes identified by the remote-sensing based classification
(Fig. 3). The following ten LULC classes were excluded
from the analysis: plantation buildings, shrimp farm industry
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Fig. 4. Tsunami damage map for Khao Lak showing the spatial dis-
tribution and the type of damages to vegetation directly after the
tsunami in 2005. Beach erosion is not included in the map. Ar-
eas with no/low damage are transparent. The method (Direct Multi-
Date Classification) and data are described in Roemer et al. (2010).
For the damage map applied in the ecosystem services maps, dam-
age types have been summarised to type 1 (no damage), type 0 (total
damage), and type 0.5 (indirect damage).
buildings, build up areas high density, build up areas low
density, prepared land, boats, clouds, shadow, roads, and
rocks. Some of the other categories were merged as follows:
beach (sandy beaches, sandbanks), tidal inlet (mudflat, inter-
tidal areas), rubber (rubber plantation, younger plantation),
coconut plantation (coconut, other plantation), natural grass-
land (dense grassland, scrubland, sparse grassland, sparsely
covered by vegetation, open woodland), oil plantation (dense
palm plantation, oil palm), mixed beach forest (rain forest,
other forest, mixed outer beach forest, natural beach forest).
The ecosystem functions and services were organised in
the four categories: ecological integrity, provisioning ser-
vices, regulating services, and cultural services (Burkhard
et al., 2009, 2012a). Ecological integrity refers to ecosys-
tem structures and processes responsible for ecosystem func-
tioning and self-organisation (Müller, 2005; Müller and
Burkhard, 2007; Barkmann et al., 2001). From the eight
ecological integrity indicators initially suggested by Müller
(2005), the ecosystem structure indicator “biodiversity” and
the process indicator “nutrient cycling” were selected to be
assessed in this study. The authors are aware that there are
manifold categorisations for ecosystem functions and ser-
vices and the related scientific debate, for example concern-
ing problems of potential double counting, is not finished
yet (Wallace, 2007). However, related studies are so singu-
lar, question- and context-related, so that perhaps a common
classification framework is neither feasible nor really neces-
sary (Burkhard et al., 2012b; Costanza, 2008). In this study,
the focus was on illustrating spatial distributions of ecosys-
tem function and service supply and their temporal changes.
No “total ecosystem values” have been summed up in the
end. Moreover, the two assessed ecological integrity compo-
nents “biodiversity” and “nutrient cycling” are not consid-
ered in any of the other ecosystem service categories here.
Therefore, problems of double counting were not involved.
Provisioning services include products that humans can
derive from ecosystems, e.g. food or raw materials. Regu-
lating services are ecological regulation mechanisms (such
as coastal protection by coastal forests or ground water
recharge) that are important for human activities. Cultural
services are important for the quality of life and for spiri-
tual inspiration, but also for economic aspects, i.e. tourism.
The selection of ecosystem services in the three categories is
mainly based on de Groot et al. (2010), Burkhard et al. (2009,
2012a), MA (2005) and suggestions from local stakeholders
and experts for site-specific services. For example, the ser-
vice “provisioning of shade” was highly recognised by the
locals for their daily activities. Therefore, it was included in
the study as a new and innovative aspect compared to exist-
ing ecosystem service categorisations.
In Table 1, an overview on the ecosystem functions and
services assessed in this study is given.
The respondents were asked to rate each ecosystem service
according to its overall importance in and for the communi-
ties in the region.
For the assessment of different LULC classes’ capacities
to support ecosystem integrity or to supply ecosystem ser-
vices, the following rating scale was applied (after Burkhard
et al., 2009, 2012a): 0 = no relevant capacity, 1 = low rel-
evant capacity, 2 = relevant capacity, 3 = medium relevant
capacity, 4 = high relevant capacity, and 5 = very high rele-
vant capacity.
In addition, for a better interpretation of the results, further
questions were included in the questionnaire on the respon-
dents’ evaluation of tsunami impacts on LULC and ecosys-
tem service supply and their observations regarding the re-
covery progress in the region. The respondents were asked
to categorise the damages to each LULC class according to
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Table 1. Ecosystem functions and services investigated in this study.
Short description References
Ecological functions and integrity
Biodiversity The presence and absence of selected species, Müller (2005), MA (2005),
(functional) groups of species, biotic habitat Müller and Burkhard (2007),
components or species composition. Burkhard et al. (2009),
Nutrient cycling The capacity of an ecosystem to cycle nutrients De Groot (1992),
and matter and thereby preventing the irreversible Forbes and Broadhead (2007),
output of elements from the system. Kandziora et al. (2013)
Provisioning services
Food Food obtained from: crops, livestock, captured fisheries, Burkhard et al. (2009),
aquaculture, wild-foods and oil as well as presence of de Groot et al. (2010)
edible plants and animals.
Wood/fibre/oil/timber Timber and fibre harvesting, e.g. for ornament making Burkhard et al. (2009),
and tools. Presence of species or abiotic components de Groot et al. (2010)
with potential use for timber, fuel or raw material.
Medicine Production of bio-chemicals, medicines and presence of Burkhard et al. (2009),
species or abiotic components with potential chemical de Groot et al. (2010)
and/or medical use.
Energy/biomass Presence of trees or plants with potential Burkhard et al. (2009)
use as energy source, e.g. wood fuel cooking.
Freshwater supply Presence of fresh water from coastal aquifers Burkhard et al. (2009),
or groundwater reservoirs. Haitook et al. (2011),
Graterol (2011)
Regulating services
Local climate regulation Changes in land cover can locally affect temperature, Burkhard et al. (2009)
wind, radiation and precipitation.
Coastal protection Refers to natural elements that reduce the impact of extreme Burkhard et al. (2009),
flood events, e.g. the role of forests in dampening de Groot et al. (2010)
wave impact.
Erosion regulation In this study referring to the vegetation cover Haitook et al. (2011),
at the coast and the patches of sea-grass offshore Graterol (2011)
that prevent beach erosion.
Water purification Refers to the general capacity of ecosystems to purify fresh water. Burkhard et al. (2009)
Provisioning of shade Presence of trees along the streets and beaches and Haitook et al. (2011),
along the coastline that people use to protect Graterol (2011),
themselves from the intense solar radiation. de Groot (1992)
Pollination Ecosystem changes affect the distribution, abundance, Burkhard et al. (2009),
and effectiveness of pollinators. Wind and bees are in charge of de Groot et al. (2010)
the reproduction of a lot of plants of cultural importance.
Ground water recharge Changes in land cover strongly influence the timing and Burkhard et al. (2009)
magnitude of runoff, flooding, and aquifer recharge.
Cultural services
Aesthetic value Refers to the visual qualities of the area (beauty of the place). de Groot (1992)
Aesthetic information has considerable influence on the quality of life.
Recreation and tourism Refers to the recreational activities that people can enjoy in the area de Groot et al. (2010)
(fun activities for relaxation, e.g. nature walks, hiking, snorkelling,
guided tours, elephant rides) and available facilities
(e.g. hotels, parks, restaurants, stores, swimming pools).
Education/research Features with special educational and scientific value/interest, de Groot et al. (2010)
i.e. referring to the extent to which the area attract scientist
to study certain phenomena and to the opportunities
that area offers to teach about the natural system.
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their local knowledge in “no/minor damage”, “polluted/salt
intrusion”, and “destroyed/washed away/broken”. Moreover
they were asked to estimate the duration of the recovery pro-
cess (Table 4). In addition, group discussions were conducted
in some villages with about four to eight persons in each
group to discuss these questions (Haitook et al., 2011).
When analysing the results it should be taken into account
that the scoring was often difficult for the respondents and
answers can be very subjective depending on peoples’ per-
sonal experience (Fagerholm et al., 2012),
A descriptive statistical analysis was conducted to anal-
yse the data from the scoring of the local stakeholders. For
all LULC classes and all services, the scores were analysed
using the statistical median. It has to be mentioned here,
that not all 33 respondents ranked all services for all LULC
classes. Very few answers were given for melaleuca forest
(9), aquaculture (7), and natural grassland (2).
3.3 Creation of ecosystem services maps
To create the maps with the spatial distribution of ecosystem
service supply capacities (pre-tsunami ecosystem services
maps), the matrix (Table 2) was linked to the pre-tsunami
LULC map in GIS by assigning the ecosystem service supply
capacity scores to each polygon (biophysical unit) in the
LULC map (after Burkhard et al., 2009, 2012a).
The post-tsunami ecosystem services maps were derived
by combining the pre-tsunami ecosystem services maps
with the damage classification, which was derived from the
change detection analysis (Sect. 3.1). The percentage of
the damage in each LULC polygon was multiplied by the
pre-tsunami ecosystem service supply capacity score. The
ecosystem service supply capacity score of the damaged part
was then subtracted from the original score in order to get
the ecosystem service supply capacity score, which was left
after the tsunami (Eq. 1, Fig. 5).
ESSCpost = ESSCs · (1− d) (1)
where ESSCpost = Ecosystem service supply capacity score
post tsunami, ESSCs = ESSC score, d = damage in 2005.
Recovery refers to the potential and the rate at which veg-
etation reclaims its habitat by natural succession processes
after being degraded or removed by the tsunami in 2004
(Römer et al., 2012a). To derive the ecosystem service supply
capacity scores during recovery in 2008, the recovery was
multiplied by the damages and the pre-tsunami ecosystem
service supply capacity score, and added to each ecosystem
service’s post-tsunami ESSC score. This operation provided
the respective ecosystem service supply capacity scores for
2008 (Eq. 2, Fig. 5).
ESSCrec = r∗d∗ESSCs +ESSCpost (2)
where ESSCrec = Ecosystem service supply capacity score
after recovery, r = recovery in 2008, d = damage in 2005,
ESSCpost = ESSC score post tsunami.
Fig. 5. Sketch describing the approach to calculate the ecosystem
service supply capacity scores for the post-tsunami and the recovery
phase (cf. Eqs. 1 and 2).
4 Results
4.1 Ecosystem services matrix
Results show, that the Phang Nga coast has a high capacity
to support ecosystem functions and to supply services from a
variety of LULC classes (Table 2). These can be considered
of great importance for the livelihood of the local people and
also for tourism and the economy of the region.
The ecosystem services matrix (Table 2), derived from
the statistical analysis of the local stakeholder scoring shows
that, according to the respondents’ perception, mangroves,
casuarina forest, mixed beach forest, coral reefs, tidal in-
lets, and wetlands (here peat swamp forest) provide the high-
est overall ecosystem service supply capacity. Lowest scores
were given to plantations and aquaculture. In general the
function “biodiversity” as well the services “food provision-
ing”, “coastal protection” and all cultural services are con-
sidered to be particularly important in the region. This re-
flects the character of the study area, which is dominated by
tourism and related activities, small business of local people
at the beach, as well as fishery and agriculture.
Mangroves, which are known to be among the most valu-
able coastal ecosystems in the world (ten Brink, 2011), are
also considered to be particularly important in almost all ser-
vices. For mangroves the ecosystem functions “biodiversity”
and “nutrient cycling” have been ranked with the highest
score of 5. Mangroves are also considered to provide regulat-
ing services, such as “climate regulation” or “coastal protec-
tion” (also ranked with 5) by stabilising sediment and partly
attenuating wave energy. Moreover, mangroves are an im-
portant food source as well as of cultural value for locals and
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Table 2. Ecosystem services matrix for the coastal areas of the Phang Nga province, Thailand linking LULC classes to their capacities to
support ecosystem functions and to supply ecosystem services on the scale: 0 = no relevant capacity, 1 = low relevant capacity, 2 = relevant
capacity, 3 = medium relevant capacity, 4 = high relevant capacity, 5 = very high relevant capacity.
n: Mangroves = 24, Casuarina forest = 21, Rubber plantation = 20, Coconut plantation = 23, Orchard/Cashew nut = 12, Oil palm plan-
tation = 20, Mixed beach forest = 21, Melaleuca forest = 9, Beach = 23, Tidal Inlet = 26, Coral reefs = 21, Sea grass = 19, Aquaculture = 7,
Natural grassland = 2, Wetlands = 12, Ocean = 21, Pond = 20, Stream/river/channel = 17.
 1 
Table 1: Ecosystem services matrix for the coastal areas of the Phang Nga province, 
Thailand linking LULC classes to their capacities to support ecosystem functions and 
to supply ecosystem services on the scale: 0 = no relevant capacity, 1 = low relevant 
capacity, 2 = relevant capacity, 3 = medium relevant capacity, 4 = high relevant 
capacity, 5 = very high relevant capacity.  
n: Mangroves=24, Casuarina forest=21, Rubber plantation=20, Coconut plantation=23, 
Orchard/Cashew nut=12, Oil palm plantation=20, Mixed beach f rest=21, Melaleuca forest=9, 
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tourists in the area. The other coastal forests, i.e. casuarina
forest or mixed beach forest, are considered to have a high
ecosystem service supply capacity, especially in the regulat-
ing and cultural services.
According to the respondents, also local peat swamp for-
est (wetlands) is important for the supply of regulating ser-
vices, such as “climate regulation”, “water purification”, or
“ground water recharge”.
Plantations are widely distributed in the study area. They
are not natural forests and are considered to have only low
and medium relevant capacities in most of the services. They
are an important food source, though, and therefore play a
major role for agriculture in the study area. Moreover, planta-
tions are considered to provide cultural services as they con-
tribute to the tropical scenery.
Grassland (open woodland, scrubland, dense and sparse
grassland) makes up a large part of the study area. It was
ranked high by the respondents in regulating and cultural
services as well as ecological integrity. Grassland is consid-
ered to protect from erosion and flooding, but also to con-
tribute to the aesthetic value of the region.
Coral reefs, the ocean, long tropical beaches, and water
courses are important for recreation and tourism in the study
area. Seaside tourism contributes significantly to the devel-
opment and the income of the region (Willroth et al., 2011).
Moreover, local people use the beach for their daily small
business, e.g. selling of fruits or for relaxing from the heat
in the shade of trees. Besides the cultural services coral reefs
are considered to provide important regulating services.
Coastal aquacultures are increasing in the area and are
therefore included in this study. They provide mainly food
and are considered to have a function for education and re-
search.
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Table 3. Damage and recovery rates of coastal forests in the study area (derived from remote sensing techniques).
Ecosystem Total area 2003 (ha) Direct tsunami impacts Recovery processes
area (ha) % of exposed area area (ha) % of impacted areaa recovery rateb
Mangroves 980.17 59.59 6.15 33.49 54.10 Slow
Casuarina 98.06 37.24 37.98 20.78 61.60 Fast
Coconut plantation 494 124.61 25.22 97.32 78.10 None
Melaleuca forest 49.13 0.56 1.14 n/a n/a Fast
Mixed beach forest 193.05 1.72 0.89 n/a n/a Fast
a Derived from TNDVI-approach (Römer et al., 2012a). b Estimated from field observations conducted in 2009.
4.2 Pre-, post tsunami and recovery ecosystem services
maps
Damage and recovery rates for coastal forests in the study
area from the change detection analysis (Sect. 3.1) are shown
in Table 3 (for details see Roemer et al., 2010; Römer et al.,
2012b). Casuarina forests suffered the greatest damage with
38 % of trees destroyed in the inundated coastal zone. Also
25 % of all coconut plantations in the exposed area and about
6 % of the mangroves, but only small patches of melaleuca
and mixed beach forest were destroyed. There has been a
rapid recovery of casuarina forest and more than 60 % had
recovered by 2008. Plantations are not natural ecosystems, so
that recovery is related to undergrowth recovery or the plan-
tation of new trees. A natural recovery of plantation patches
would lead to a growth of casuarinas.
Based on the ecosystem services matrix (Table 2), the
damage analysis, and the recovery analysis, pre-, post-
tsunami, and recovery maps were produced using the method
described in Sect. 3.3. The maps show the spatial distribution
of ecosystem service supply capacities before the tsunami, as
well as spatio-temporal changes of the supply capacities due
to the tsunami impact.
Maps for the services “coastal protection” and “food pro-
visioning” for Kao Lak are shown in Figs. 6 and 7.
The post-tsunami maps show that almost all biophysical
units located in the inundated area were affected by a loss
of ecosystem service supply capacities. Since the study area
was flooded up to 1 km inland (Römer et al., 2012b), vast
patches of coastal forest have been washed away or dam-
aged, beaches were eroded and there was intrusion of salt
water into the ground. With the loss of vegetation and soil,
the services provided by the affected LULC were reduced.
Among the exposed forest ecosystems in the study area,
mangroves and casuarina forest were mostly affected by the
tsunami. When washed away, their coastal and erosion pro-
tection service was lost after the event. Moreover their ca-
pacity to provide food and other goods was disrupted. Also
large patches of grassland lost some of their services due to
damage to vegetation and salt water intrusion. The recovery
maps show a recovery in all biophysical units in 2008. How-
ever, recovery rates vary spatially. In some areas in Khao
Lak mangroves showed almost no recovery until 2008, while
other patches completely recovered. Results also suggest that
rubber and coconut plantations had a faster recovery or reaf-
forestation rate than mangroves and casuarina forest. The re-
sults gained from the multi-temporal satellite analysis and
ecosystem services mapping match with the results from the
interviews conducted with local experts on damages and re-
covery processes in the region (Haitook et al., 2011, Table 4).
Comparing the pre-/post-/ and recovery maps for the ser-
vice “coastal protection” (Fig. 6) shows high to very high
supply capacities in the pre-tsunami state, where coastal
forests are located. Casuarina forests are located parallel to
the coast, building a natural green belt that shields the hin-
terland from impacts from the sea. Two mangrove patches,
located in tidal inlets are also supposed to serve as protec-
tion.
The post-tsunami map shows that all biophysical units
in the inundated area suffered from a decrease or loss of
the coastal protection service. The overall reduction of the
coastal protection service is mainly due to the damage of
coastal forests.
The recovery map indicates that large parts of the study
area recovered to some extent until 2008. However, the
coastal protection service of the casuarina forest and the
northern mangrove patch is still significantly reduced, while
the southern patch is fully recovered. Beaches have recov-
ered in almost all parts of the area, but are still smaller in
more exposed areas in the North. Moreover tidal inlets were
not fully recovered in 2008 (Vosberg, 2010). Therefore, also
for beaches the coastal protection service supply capacity in
2008 varies locally.
Many LULC classes in the study area supply food (Fig. 7).
Coconut plantations and mangroves have shown to have a
very high relevant capacity for food provisioning, but also
tidal areas and coral reefs are important food sources, e.g.
fish. The post-tsunami map reveals that the service supply
capacity for the provisioning of food has been strongly re-
duced, mainly due to the damage to agricultural areas (e.g.
plantations). Some of the plantations have been completely
reforested by 2008, but many still have a reduced service sup-
ply capacity. The spatial variations can be seen in Fig. 7.
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Fig. 6. Map showing the spatial distribution of the ecosystem service “coastal protection” for Khao Lak before the tsunami 2003 (upper
panel, left), after the tsunami (01/2005, upper panel, right), and after a recovery time (02/2008, lower panel). White areas represent areas not
included in the analysis or no data available on damages or recovery of LULC classes (e.g. ocean, coral reefs, and sea-grass, rubber).
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Fig. 7. Map showing the spatial distribution of the ecosystem service “food provisioning” before the tsunami 2003 (upper panel, left), after
the tsunami (01/2005, upper panel, right) and after a recovery time (02/2008, lower panel). White areas represent areas not included in the
analysis or no data available on damages or recovery of LULC classes (e.g. ocean, coral reefs, and sea-grass, rubber).
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Table 4. Damage and recovery of ecosystem service supply capacities due to the tsunami. The values of the ecosystem services by LULC
class are derived from the matrix in Table 2. Type of damage and recovery and duration of service reduction were derived from stakeholder
interviews using the statistical median for all answers (modified from Haitook et al., 2011).
LULC Value of ecosystem services Type of damage Duration of service Ecosystem service supply
class based on the matrix in Table 2 to the ecosystem reduction due capacity in 2010 (% of
to the tsunami pre-tsunami conditions)
Mangroves High relevant capacity Destroyed/washed away/broken 1–5 yr 75.83
Casuarina forest High relevant capacity Destroyed/washed away/broken 1–5 yr 85.24
Rubber plantation Relevant capacity No/minor damage No influence 99.00
Coconut plantation Medium relevant capacity Pollution/salt intrusion 2 weeks–1 yr 89.13
Orchard/Cashew nut Relevant capacity Pollution/salt intrusion 2 weeks–1 yr 82.50
Oil palm plantation Relevant capacity No/minor damage No influence 99.00
Mixed beach forest High relevant capacity Destroyed/washed away/broken 1–5 yr 77.62
Melaleuca forest Medium relevant capacity Pollution/salt intrusion 2 weeks–1 yr 95.56
Beach Medium relevant capacity Pollution/salt intrusion/erosion 2 weeks–1 yr 93.04
Tidal inlet High relevant capacity Pollution/salt intrusion/erosion 2 weeks–1 yr 88.46
Coral reefs High relevant capacity Destroyed/washed away/broken 1–5 yr 66.19
Sea-grass Medium relevant capacity Damage 1–5 yr 65.26
Aquaculture Relevant capacity Destroyed/washed away/broken 2 weeks–1 yr 97.14
Natural grassland High relevant capacity Pollution/salt intrusion 1–5 yr 100.00
Wetlands Medium relevant capacity Pollution/salt intrusion No influence 97.50
Ocean Medium relevant capacity Pollution 2 weeks–1 yr 100.00
Pond Medium relevant capacity Pollution/salt intrusion 1–5 yr 90.50
Stream/river/channel Medium relevant capacity Pollution/salt intrusion 2 weeks–1 yr 96.47
Similar maps can be produced for all ecosystem services.
With these maps spatial variations in changes of ecosystem
service supply capacities for single biophysical units can be
visualised and monitored. The additional questions in the
questionnaire revealed that, according to the local respon-
dents’ experience, among the forest ecosystems, mangroves,
casuarina forest and mixed beach forest had the longest pe-
riod (1–5 yr) of reduction of ecosystem service supply ca-
pacities after the tsunami (Table 4). Also coral reefs and sea-
grass beds are considered to have a long recovery period. In
contrast, a shorter recovery period of less than two weeks to
maximum one year has been observed for salt water intru-
sion or pollution in coconut and cashew nut plantations, or
melaleuca forest.
At the time of the survey in 2010, more than 5 yr after
the tsunami, the respondents stated that most of the ecosys-
tems were able to supply 80 % of their pre-tsunami services.
They describe remaining ecosystem service supply capacity
deficits for mangroves, mixed beach forest, coral reefs and
sea grass.
5 Discussion
In this study, we used detailed high resolution spatial data
and conducted stakeholder interviews to acquire very accu-
rate spatio-temporal landscape patterns. Based on these data
tsunami impacts on ecosystem service supply at the Phang
Nga coast could be mapped.
Our results show, that the methodology of combining re-
mote sensing techniques, field investigations, stakeholder in-
terviews and GIS was a useful tool to (a) quantify the dam-
ages to ecosystems and related LULC in a spatially explicit
way, (b) provide ecosystem service supply capacity scores
for single LULC classes, and (c) visualise changes of ecosys-
tem service supply capacities (losses as well as recovery pro-
cesses). This yields a specific analysis of the local situation,
the benefits local communities obtain from their environment
as well as the losses of these benefits due to a tsunami impact.
GIS and remote-sensing based data and maps showing
the spatial distribution of ecosystem services can be used
in land-use planning and management (Troy and Wilson,
2006; Grêt-Regamey et al., 2008). The ecosystem services
maps derived in this study can in addition be integrated
in tsunami risk assessment and mapping since they can be
used to quantify ecological values and their spatial distribu-
tion in the framework of an exposure analysis. In this way
the maps can be combined with other spatial data such as
maps with the distribution of economic values in a flood
prone area. Moreover, the post tsunami mapping approach
suggested in this study allows the quantification of damages
to LULC by means of loss of ecosystem service supply ca-
pacities and related socio-economic consequences. Since the
maps provide information for every biophysical unit, dynam-
ics in LULC change and related potential losses of ecosys-
tem service supply can be monitored for larger areas ap-
plying multi-temporal image analyses. This makes the maps
also useful tools for tsunami risk management and coastal
planning, for example by showing the correlation between
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bio-shields and settlement structures, or by demonstrating
the potential losses of services from mangroves when aqua-
culture or hotel complexes are planned to substitute them.
This phenomenon has also been addressed by Tallis and Po-
lasky (2009) who stated that decision-makers might overlook
the variety of ecosystem services, when developing manage-
ment plans. The interviews with the local stakeholders and
discussions with the local people in our study area revealed
that people do not use mangroves for wood as much as before
the tsunami due to laws and management regulations as well
as the increased awareness of the bio-shield function of man-
groves and other coastal forests (Haitook et al., 2011). The
maps produced in this study could contribute to this kind of
management regulations.
Another example where the maps could be used is related
to the growth of the shrimp farm industry and of tourism
in Phang Nga which implicates direct short-term economic
profit for the region, but does not consider the value losses
by clearing coastal forests, which might cause negative eco-
nomic consequences in the long-term perspective, for exam-
ple, reduced flood protection or loss of food sources.
During this work some limitations of the methodology
became obvious. The matrix is subjective which cannot be
avoided because the interviews reflect the respondents expe-
rience, knowledge and attitude. Some services might have
been underestimated because the scores assigned by the sur-
vey’s participants indicate the services they know and use,
but these scores do not necessarily consider the full poten-
tial of the ecosystems to supply their services, as proposed in
the literature. This makes the matrix somewhat vulnerable to
misinformation and misinterpretation (Burkhard et al., 2009;
Hou et al., 2013). However, when comparing the scoring of
the local stakeholders with a comprehensive literature review
in Graterol (2011), a general good agreement could be ob-
served for most of the LULC classes and their service supply
capacities with other studies. Nevertheless there were some
discrepancies. The local stakeholders ranked the coastal pro-
tection service of coastal forests, especially mangroves, very
high (score = 5) in the study area. This was also confirmed
by local experience during the 2004 tsunami (Haitook et al.,
2011). However, on the other hand, there is an ongoing con-
troversial discussion on the protective role of coastal forests
against tsunami waves (Cochard et al., 2008). Although ex-
periments and field investigations proved that there is a po-
tential to reduce wave energy and flow velocities, it is still not
clear to what degree and if this actually prevents severe dam-
ages (Dahdouh-Guebas et al., 2005; Danielsen et al., 2005;
Das and Vincent, 2009; Kathiresan and Rajendran, 2005;
Kerr et al., 2006; Strusin´ska-Correia et al., 2013; Tanaka,
2009).
The local respondents gave very low scores for the ser-
vices “medicine”, “energy/biomass” and “fresh water sup-
ply” for almost all LULC classes. This is assumed to be ei-
ther due to a lack of knowledge or because people do not use
these services in the region. However, casuarina forest, coral
reefs or sea grass, for example, are actually known to provide
substances that can be used for medical purpose (Ali et al.,
2012; Birkeland, 1997; Whistler and Elevitch, 2006). Also
the service “energy” provided for example by rivers was not
mentioned here, most likely because rivers in the region are
not used to gain hydropower. The provisioning of wood and
other goods was perhaps underestimated by the locals since,
according to their statements in the group discussions they
do not cut trees to derive wood for construction and there-
fore do not consider the service important. They also do not
use corals as market goods. “Pollination” was assessed very
high from the locals also in water bodies, from coral reefs
and sea-grass. However, pollination does not occur in water
bodies or is known to be negligible (see also Costanza et al.,
1997). Therefore, we assume a misunderstanding in the in-
terviews here. Despite this mismatch with literature in some
points, we find the locals’ perspective relevant for a local as-
sessment of tsunami impacts as perceived by those people
who experienced the 2004 tsunami disaster and its conse-
quences, e.g. in terms of loss of ecosystem services, for their
personal livelihood.
Burkhard et al. (2009) emphasised that one weakness of
this approach is, that it has so far been overlooking important
aspects such as scale-dependencies (temporal and spatial),
scale-interactions, and habitat heterogeneities. The method
of calculating ecosystem service scores in the post tsunami
and recovery maps, is based on the assumption that the loss
and the recovery of ecosystem service supply capacities is
directly related to the amount of damage of the biophysical
units, i.e. a forest patch destroyed by 50 % of its area has also
a reduction of its ecosystem service supply capacity by 50 %.
This assumption neglects the complexity of the biophysical
processes and spatial gradients and is only true for some of
the services.
Like in all integrative interdisciplinary landscape assess-
ments, uncertainties originate due to human-environmental
system complexity as well as data and methodological uncer-
tainties (Hou et al., 2013). For the interviews, more specific
questions could be asked in order to effectively produce eval-
uations that are, for example, comparable from one ecosys-
tem service to another. On the other hand, when carrying out
interviews on such rather complex issues with the target to
address all most relevant ecosystem functions, services and
their linkages to land cover types, we argue that several gen-
eralisations and lack of some detail need to be accepted in
order to gain thematic diversity. The use of additional spa-
tial information such as maps or satellite images presented
to the interview respondents could have been used in order
to facilitate the assessments or to calibrate the results after-
wards. Fagerholm et al. (2012) proved that stakeholders are
able to identify and map different landscape-related values,
perceptions and services.
Moreover, the use of binary damage and recovery maps
to classify damages and recovery of LULC is a rather sim-
ple approach which does not include all processes of change.
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Damage and recovery was indirectly estimated based on the
spatial changes in LULC. These changes describe only the
loss or increase of biomass but they do not indicate the qual-
ity of these changes (species composition, nutrient cycling,
etc.). A more detailed damage analysis can be performed us-
ing sophisticated remote-sensing techniques, which allow a
very accurate damage and recovery classification for small
areas (as described in Roemer et al., 2010).
Despite this simplification the advantage of the approach
is its applicability and transferability to other areas and other
natural hazards as well as its potential to integrate additional
data as soon as they are available. Moreover, it provides a
spatial distribution of changes in ecosystems service supply
capacities even for larger areas.
6 Conclusions
The paper presents a case study and a methodological ap-
proach to track LULC changes and to map related alter-
ations in ecosystem service supply capacities due to an ex-
treme event. The study revealed that, when sufficient data
on LULC changes are available, the approach of combin-
ing a multi-temporal analysis of LULC changes, with an
ecosystem services matrix facilitates a visualisation of the
spatial distribution of ecosystem service supply capacities in
maps, yielding valuable information on the consequences of
the 2004 tsunami. Results have shown that coastal ecosys-
tems in Phang Nga are vulnerable to LULC change (natu-
ral or anthropogenic) threatening the supply of multiple life-
sustaining ecosystem services. Stakeholder interviews con-
ducted to evaluate ecosystem service supply capacities pro-
vided useful insights in the locals’ perception of natural
goods and their use and therefore reflect on actual losses peo-
ple in the region obtained from tsunami-induced damages to
coastal ecosystems.
However, some limitations and uncertainties of the
methodology have to be taken into account. Especially cor-
relating the size of a damaged LULC patch with the loss of
ecosystem service supply capacities needs further improve-
ment.
It is believed here that the approach to quantitatively eval-
uate tsunami impacts on ecosystems with the loss of their
capacity to supply services, a mapping of their spatial dis-
tribution, as well as monitoring recovery are useful tools for
tsunami risk assessment and long-term coastal risk manage-
ment, delivering reasonable outcomes with acceptable time
and labour efforts.
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